In the present paper a model based method for the on-line identification of malfunctions in rotor systems is proposed. The fault-induced change of the rotor system is taken into account by equivalent loads which are virtual forces and moments acting on the linear undamaged system model to generate a dynamic behaviour identical to the measured one of the damaged system.
INTRODUCTION
Rotating machinery installed in power plants are normally equipped with vibration sensors which continuously provide large amounts of vibration data during operation, . For diagnosing the state of a machine, usually signal based monitoring systems are used as a good tool, although they do not fully utilise the information contained within the vibration data, ; (Glendenning et al., 1997) . These approaches to machinery diagnostics are generic rather than machine specific and the interpretation of the data is based on qualitative rather than quantitative information.
Contrary to signal based monitoring systems, model based diagnostic systems developed in recent years utilise all information contained in the continuously recorded vibration signals by taking into account models of the specific machine and possible faults as well as the recorded data of the intact machine. The new method may be used together with or alternatively to conventional signal based monitoring systems.
Model based monitoring systems give more accurate and faster information than conventional signal based systems, since a-priori information about the rotor system is systematically included in the identification process. Therefore, the type, position and severity of a fault can be estimated with more reliability and in most cases during operation without stopping the machine.
In the BRITE--EURAM project MODIAROT different model based identification methods for finding malfunctions in rotor systems of power plants have been developed, (Penny et al., 1995) ; (Mayes and Penny, 1998) ; (Bachschmid and Dellupi, 1996) . These methods work either in the time or in the frequency domain depending on the malfunction type and the operating state for which the vibration data are available. In this paper a new time domain identification method is presented based on least squares fitting in the time domain.
For a model based identification of faults, reliable mathematical models of the rotor system and of possible faults are required. The mathematical models have to be so simple that fast online calculations are possible, but must be exact enough to reproduce the measured vibrations of a real rotor-bearing-foundation system. Exact models of faults are in many cases nonlinear. Therefore, time integration algorithms are needed to solve the non-linear equations of the damaged rotor system directly, although the undamaged system is linear. Such a direct identification process is extremely time consuming, especially for models having many degrees of freedom. On-line identification of faults would not be possible with this approach, because the time consuming integration has to be carried out for every possible position and extent of each fault type.
The new model based method for identification of malfunctions avoids the non-linearities, which are normally brought into the system equations by fault models. The method is based on the idea that the faults can be represented by virtual loads acting on the linear model of the undamaged system. Equivalent loads are fictitious forces and moments which generate the same dynamic behaviour as the real non-linear damaged system does. System models being originally linear remain linear and unchanged, even if non-linear faults occur. Therefore, to handle the system equations, only simple and fast mathematical procedures are necessary. The identification of the nature, position and severity of faults can be carried out on-line during operation, even if the number of degrees of freedom is very high.
IDENTIFICATION METHOD Mathematical Description of the Method
Normally, the model of the undamaged rotor system is linear and described by linear equations of motion:
Moi:o (t) + Bofo(t) + Koro(t) Fo(t). (1) The vibrations of the N degrees of freedom due to the load F0(t) acting during normal operation are described by the N-dimensional vector r0(t). M0, B0 and K0 are the mass, damping and stiffness matrices of the undamaged system consisting of rotor, bearings and foundation. Some of these matrices may change with the rotor speed f due to gyroscopic effects and journal bearings.
The fault-induced change of the dynamic behaviour depends on the malfunction type, position and severity, In reality a fault changes the system properties which results in a system behaviour r(t) different from the normal vibrations r0(t). The differences between the vibrations r(t) of the damaged system and the normal vibrations r0(t) of the undamaged system are residual displacements, velocities or accelerations, respectively. These are given by Ar(t) r(t) ro(t),
zxe(t) e(t) eo(t), For calculating the residual vibrations, measured vibration data for both the undamaged and the damaged rotor system have to be available for the same operating and measurement conditions. These are, for example, load, rotor speed, phase reference and sampling frequency. Because directly matching data are usually not available, some signal processing has to be done to achieve the same conditions. For example, small differences of rotor speeds can be compensated in some cases by adjusting the time scale of the recorded normal A4(t CA(t).
On the other hand, the full residual vector can be approximated by a set of mode shapes f which are put together in the reduced modal matrix AF(t) . In this context, AF(Ig, t) is a mathematical expression for the time history of the forces acting on each degree of freedom of the model. These fictitious forces depend on the fault parameters but in many cases also on the rotor speed f as well as on the vibrational state of the rotor system as described for a lot of faults in (Penny et al., 1999) ; and Starting from an initial guess, the least squares algorithm varies the fault parameters [i of each fault model until the deviation is minimal.
Probability Measures
The quality of the fit achieved can be used to estimate the probability of the different identified faults. Two probability measures based on correlation functions have been developed and successfully tested.
The first probability measure Pl, called coherence, is the normalised correlation of the identified equivalent forces zXFi(i, t) of a particular fault with the measured equivalent forces Al(t)for Simulation studies showed that both measures Pl and P2 should be used simultaneously to evaluate the probability of a fault. Suitable threshold values are Pl > 10% and p2 > 20% indicating that the specific fault is present in the rotor system.
Graphical Overview
In Figure the whole (Fig. 2) . The foundation as well as the rotor are supported by linear springs and dampers. Gyroscopic effects as well as cross coupling terms between the two radial directions are neglected, so that the dynamic behaviour is characterised by only six degrees of freedom all being in the same direction, two for the foundation and four for the rotor. The first natural frequencies and the corresponding modal damping coefficients are listed in Table I . The rotor speed was 9.5Hz, which is approximately 30% below the third natural frequency of the rotor system. During normal operation of the undamaged system two residual unbalances luo l-50gmm and excite the rotor at the middle disks rn2 and m3. Two faults were investigated exemplarily: additional unbalances at disks m2 and m3 and rubbing between disk m2 and foundation ms.
Identification of Unbalances
In different case studies the effects of various parameters on the identification results were examined independently. The additional unbalances ]b/2l--30 gmm and lu31 600 gmm represent the fault which has to be identified by the described algorithm. The first one is smaller and the second one is larger than the respective initial unbalances. The time window of the measurements covers about 5 rotor revolutions.
In the reference case 1, the time-histories of displacements, velocities and accelerations were exactly measured at all six degrees of freedom of the rotor stator system. Therefore, no modal expansion was necessary and applied for the reference case 1. The identification algorithm was constrained to search only for unbalances at the two middle disks. The identified unbalances the corresponding probability measures pj (uk) as well as the relative errors ek are listed in Table II . (dashed lines). These are compared to the correct ones (thin solid lines).
Nevertheless, the dominating unbalance at disk 3 was identified quite well, even its phase angle was identified exactly. The modal expansion has the major influence on the identification results. The estimated equivalent forces are smeared over all degrees of freedom, Figure 6 . But still, the highest force amplitudes occur at the faulty nodes.
Identification of Rubbing
In the cases 11 and 12 the gap S 2 between the disk m2 and the foundation ms has been reduced, so that the rotor touches the foundation with impacts and rotor to stator rub occurs. The criteria for identifying rub is NEWTON'S law of reaction: At the contact location, the force exerted on the rotor must coincide with the force exerted on the stator at any time.
The total equivalent force consists of the superposition of the equivalent forces caused by the unbalances at m2 and rn3 and those caused by rubbing between disk m2 and foundation ms. In Figure 7 it can be clearly distinguished between these two components. In Table III Euram project MODIAROT, (Penny et al.,. 1999) and (Bachschmid, 1999) . Unbalance, coupling misalignment and rubbing were the investigated faults.
In all cases, the identification method determined correctly the location of the fault by finding the largest equivalent force at the position where the fault was. However, substantial equivalent forces were also estimated for other nodes not affected by the faults. In other words, the equivalent forces were smeared over the entire system. The reason is the model error caused by the fact that due to the small number of measuring locations accessible, only a few mode shapes can be taken into account to approximate the full vibrational state. This restriction, which can not be overcome in most practical applications, leads to larger deviations of the estimated fault severity than in the numeric experiments described before.
But, shifting all equivalent forces to the position where the largest one occurred, and adding them up yield in all cases acceptable results also for the fault severity.
CONCLUDING REMARKS
As the investigation showed, the identification method is able to localise the fault position, determine the type of fault and specify the fault parameters. 
